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NOTICES

When Government dravings, specifications, or other data are used
for any purpose other than in connection with a definitely related
Government procurement operation, the Unlted States Goverment thereby
incurs no responsibility nor any obligation whatsoever; and the fact
that the Government my have formulated, furnished, or in any wvy sup-
plied the said drawings, specifications, or other data, Is not to be
regsrded by implication or otherwise as in any manner licensing the
holder or any other person or corporation, or conveying any rights or
permission to manufacture, use, or sell W patented invention that may
in any way be related thereto.

Qualified requesters may obtain copies of this report from the
Armed Services Technical Information Agency, (ARIA), Arlington Hall
Station, Arlington 12, Virginia.

This report has been released to the Office of Technical Services,
U.S. Department of Commerce, Wbahington 25, D.C., for sale to the
general public.

Copies of this report should not be returned to the Aeronautical
Systeas Division unless return is required by security considerations,
contractual obligations, or notice on a specific doctuent.
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This final report on the evaluation of nev cathode-anode couples for second-
ary batteries va prepared by the Radio Corporation of America, 8ioaoaductr
and Ibterials Division, Suserville, Noe Jersey. The prosram is sponsored by
the Flight Accessories ILboratory of the Flight Vehicle Power Branch, Aero-
nautical Systmss Division, Air Force Systms Camand, Uhited States Air Force.
Wayne S. Bishop and Jmes R. Cooper were the project engineers for the Flight
Accessories Laborstory.

This report covers investigttions carried out under U.S. Air Force Contract
AFP-33(657)-7758, and includes the period from November 1961 to November 1962.
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A final report is presented covering an investigation of the most direct
and systaitic approach in selecting the most promising materials for
the develolment of higher capacity secondwy batteries for spece applica-
tions.

The experimental approach, materials, and necessary precautions required
in molten-salt technology are summarised. Advantages and disadvantages
of the various molten salt electrolytes considered are presented.

Experimental procedures and couple materials investigated are discussed.
The experimental results for the molten-salt cells investigated are
presented. Data are presented for cells vith fluoride, chloride and
sulfate molten-salt electrolyte.

Objectives and results of a ceramic separator study phase of the progrm
are included. The design of a molten-salt secondary battery vhich ws
constructed during the course of the program is described, along vith
fabrication procedures of this battery. Theoretical calculation for the
initial heat input versus hebat output sad the hest loss due to ecU reaia-
tion is presented. Recmendation for future vork and conclusions in both
are are given.

The publication of this report does not constitute approval by the Air
Force of the finding or conclusions contained herein. It is"published
for the exchange and stimulation of ideas.
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1. I11'RWCTrION

The development of secondary batteries with higher capacities than those
currently used for space applications required a re-evaluation of the
active materials.

The objective of this program vas to provide design criteria for the
develoyment of long-life, light-wight secondary batteries through the
investigtion of new anode-cathode couples and their associated electro-
lytes and seperators. For the selection of nev anode-cathode couples, it
vas established that the theoretical energy-to-vaight ratio of the react-
ant material, based on their free energ release at 25*C, should not be

less than 500 watt-hours per pound.

The most direct and systmatic approach to the selection of the most
prising materials vas through the consideration of the ampere-hour-per-
pound capacity and theoretical half-cell potential of the possible anode
and cathode materials. Data for the pounds of material required to supply
500 ampere-houre and theoretical reversible potential in an aqueous electro-
lyte system of sone representative cathode materials are given in Table I,
and similar data for some representative anoe materials are given in
Table 17. The theoretical capacity (C) in watt-hours per pound of various
couples can be calculated fro the data in Table* I and II by the following
equation:

(lb a lbo)
Vhere 1. is the reversible saf of the anode, Z is the reversible saf of the
cathode, lb is the veight in pounds of anode Lteriai required to supply500 aspere-Lurs of electrical energ, and lb is the veight in pounds of
cathode material required to ruPPly 500 aperi-hours of electrical energ.

This equation shows that the desirable materials should have a high apere-
hour-per-pound capacity and that, if one of the reactant materials does not
have a high capacity, 1, - , mast be large. 2he ratio within the brackets
must also be greater tQn 1 For a particular Coule to have a therettical

capacity greater than 500 Vatt-hours per poud.

---------------------------------------------
Mbuscript released by the authors January 1963 for publication as an ABD
Technical Doculontary Report.
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TABLE I. THEORETICAL PROPERTIES OF SOME CATHODE MATEm INVEMIGATID
WIM THIS PRORAM.

lb

CATHODE MTERIAL OUDS
(per 500 I A 'A
amp-hour) (onf) (inr)

Oxygen 0.33 -1.23 -0.4•1

-Dinitrobenzene 0.59 -0.87

So.66 -0.141 0.48

Fluorine 0.78 -2.87 2.87

C+2 Cuo 1.3 -0.3).

.hlorine I.i.6 -1.37 -1.37

.pric Oxide 1.65 - 0.2A

4an ,eso Dioxide (2e) 1.77 -1.28
+2 -- 0 2.20 -o.83

÷ -+2 A- 2.23 -0.79 -

Sliver II Oxide 2.54 - -0.57

Silver Chloride 5.94 0.222

prous Chloride 4.07 -.522

Vickel Chloride 2.68 - -

ickel Oxide 1. 5t4  0.-5

AsD-Tm-63-U5 2



TABLE II. TNEORZTICAL PROPERTIES OF THE ANODE MATERIAL MI30fGATED UNDER
TSIS PRO(RAm.

lb
a

ANODE MATERiAL P;Ds
(per 500 EA
amp-hr) (eaf) (=)

Hydrogen 0.0415 0.0 0.83

Hydrocarbons 0.085 - 0.1 - -

Boro•bydrides 0.11 - .12 - -

Beryllium 0.185 1.7 2.3

Lithium 0.285 3.0 3.0
Aluminus 0.37 1.67 2.35

Titanium 0.49 0.95 -

Mwesium 0.50 2.34 2.67

Chromium 0.71 0.71 1.2

Iron 1. o.14O4 0.87

MAnganese 1.14 1.05 1.-47

Zinc 1.34 0.76 1.22

Caftmiu 2.31 0.402 0.815
leAd 4.26 o.126 0.578

MT1014
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It is recoonized that many of the potentials, in particular those in Table II,
are values calculated frcm other thermodynamic data, and are not attainable
in aqueous electrolytes. The variation of the theoretical potential does not
vary enough to change general conclusions on the classes of available anode
and cathode materials listed below. This is particularly true of the anodes,
which determine the selection of electrolyte systems. A detailed listing
of theoretical capacities is. not given because such a listing would require
a critical evaluation of the sources of information, such as the free energy
of ions and standard states in these solvents.

For ease of discussion, the available cathode materials may be grouped into
four general classes:

a. low-molecular-weight elements, e.g., F2 , C12 , 02, H2 , and S.

b. inorganic compounds with a high available-oxygen content, e.g.,
OO04, CuO, AgO, NiO2 , and 102 (2-electron change).

c. metal-metal ion electrodes

cu*-*-. cu, Ag + -Ag, Rh"- -- uRh, b- S

d. organic materials, e.g., quinone, nitroguanidine.

The available anode materials on the basis of their ampere-hour capacity and

theoretical emf in aqueous electrolytes may be classed as follows:

a. the low-molecular-weight metals in Group 1A, IhA, and Al.

b. hydrogen.

c. metals in the fourth row of the periodic chart in Groups VI, VII,
and VIII.

d. boron and its hydrides.

e. carbon and its derivatives.

AsD-TER-63-115



2. SUtIMARY

The reversibility of various anode-cathode combinations using a molten-salt
electrolyte has been demonstrated. Magnesium has been shown to be the most
desirable anode material when coupled with any of a variety of oxide and
chloride cathode materials. A molten-chloride electrolyte Vas found to be
most desirable because it eliminated numerous problems with respect to
containment, high temperature, and chemical ccmplexing problems which were
encountered when molten fluorides and sulfate electrolytes were used.

A ceramic body (10% Na20) has been developed which permits single-ion
mobility of sodium ion, thereby permitting it to be used as a stable separator
in a molten-salt secondary battery. Other ceramics capable of permitting ion
mobility of ions other than sodium (e.g., lithium, ogygen) have been investigated.

A molten-salt secondary battery has been constructed. This 2.6-volt battery
vas capable of a 20-ampere discharge for 35 minutes. The relationship of heat
Input to heat output and the heat loss due to cell radiation of this battery
have been calculated.

.
ASD-TI-63-1.15 5.
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3. TECHNICAL DISCUSSION

3.1 GENERAL

The main objective of this program was to provide design criteria for long-
life, light-weight secondary batteries through the investiLtion of new
cathode-anode couples and their associated electrolytes and separators. To
this end, a magnesium/nickel chloride/nickel molten-salt secondary battery
of 2.60 volts was fabricated to demonstrate the feasibility of the system
for aerospace applications. In this report, the method of construction and
electrochemical calculations of this battery are presented along with recom-
mendations for future work.

3.2 EXPERD(DTAL APPROACH

The experimental studies of molten-salt systems were conducted to determine
the reversibility of various anode-cathode couples under charge and discharge
conditions. Combinations of known reversible anode and cathode materials
were used in the cells studied. Because of the various anode and cathode
materials to be evaluated, many possible combinations of electrodes existed.
In each group, the anode-cathode combinations used ceramic separators. The
groups were divided as follows:

Group Anode/Separator/Cathode

a. Ma/cersmic/M aCl, cCl/Mc

b. Mb/K Cl , NsCl/cera.ic/NaCl Cl/ c

c. Mb/MbCl , ,&01/cermic/K a aCl/M

where:

M& Anode material having a cation which is mobile in the
oerm~ic separator.

O - Anode material having a cation which is not mobile in the
ceramic separator.

ASD-Tm-63-l15 6.
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I MCi/K, z Various metal-metal-ian cathodes.

x M z Various metal-sulfate electrolytes.

%0/)% Various etal-oxids cathodes, wlich function reveruibilyc as electrodes of the second kind.

The couples chosen for experimental purposes were selected on the basis of:

I a. simplicity of the composite system.

bb. known reversibility of the components.

c. watt-hour capacity of the reactant materials.

a Table III lists the anode-cathode couples selected for evaluation in a molten-
salt electrolyte. These couples were selected on the basis of the theoretical
capacity of the reactant materials at an operating temperature of 700"C and
the known reversibility of the selected electrodes.

3.3 SMELCTION OF ANODE ELICTROLTIl AND CATHODE MTERMALS

3.3.1 Anode Materials

Because of their high ampere-hour capacity and theoretical electromotive
force, the alkali and alkaline-earth metals and aluminua were shown to be
the most desirable anode materials. In addition, these anode materials
were selected for use in the program because of their ability to be used
with a wide range of metal-metal ion cathodes and various metal-oxide
cathodes vhich function reversibly as anodes of secondary cells.

j 3.3.2 Electrolyte@

Since the anode materials used in the existing program are irreversible
in aqueous electrolytes, they must be used with nonaqueous electrolytes.
Molten salts were selected as electrolytes because of their relatively
high conductivity in comparison with other nonaqueous electrolytes, and
because a considerable aMOUnt of experimental data has been published
which indicates that reversible electrodes are feasible in this type of
electrolyte. A comparison of the electrical conductivity and operating
temperature range of some of the electrodes considered is shown in Figure
1 and 2. It should be noted that the conductivity and temperature range
for molten salts is higher than those of all other systms.

7
IASD-TD-63-U,• 7.
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Some of the important generalizations which can be amAe about molten
malte are:

a. Experimental data show that the various anode and cathode
materials under consideration are reversible in certain
molten salts (ref. 1, 2, 3.)

Electrode reactions in molten salts have been shown to
occur at appreciable rates with little polarization at their
reversible potential. Pertinent experimental measurements
have been made by Flengas (ref. 2), Laitinen (ref. 4, 5)
Delimarskii (ref. 6, 7, 8, 9, 10, 11, 14), Piontelli (ref.
12, 13), and Maskovets (ref. 15).

b. Comparison of electrical conductivity of the various classes
of electrolytes presented in Figure 1 shove that molten salts
are the best electrolytic conductors. The discharge data
obtained in thermal cells indicate that polarization of cells
with a molten-salt electrolyte will be low. Both factors are
favorable to the design of a molten-salt secondary battery.

c. The operating temperature range is over 4WO°C for molten salts
that are stable with respect to reactant materials. There are
a few exceptions to this statement. The principle exceptions
are molten salts containing alimiinum and ammonium ions which
would be used with an aluminum anode. The success of couples
in molten salts is determined by solution of the containment
problems and problems associated with the solubility of the
reactants in the molten-salt electrolyte.

A major design problem was the development of an electro-
chemically and thermally adequate separator. This is discussed
further in this report.

3.3.2.1 Molten-Chloride Electrolytes

A molten-chloride electrolyte has several desirable characteristics,
including high stability, high conductivity, and a low-melting point
with respect to other molten salts. In addition, more data are
available on chloride melts than on any other electrolyte with the
possible exception of molten fluorides.

The major disadvantage of a molten-chloride electrolyte is its corrosive
nature and its ability to complex some of the desirable anodes and cathodes.
However, various studies reported in the literature indicate that molten-
chloride electrolytes are suitable with respect to the ionic conductivity
requlred for the present application. In order to eliminate the cmmonly
observed oqchloride formation in a molten-chloride systm, precautions
which are discussed in this report were taken to use only anhydrous materials.

ASD-TMI-63-115 11.
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3.3.2.2 Holten-Sulfate Electrolytes on the Cathode Side

The distinct advantages of a sulfate electrolyte are its lover
tendency to complex, and the relative ease with which it may be
dried to an anhydrous condition. One disadvantage is the inst-
ability of the sulfate ion with some of the reactant anode materials
investigated. However, this disadvantage is eliminated when the
sulfate electrolyte is used only on the cathode side of the cell and
is physically separated from the anode material by the ceramic separator. i

3.3.2.3 Molten-Fluoride Electrolyte on the Anode Side

An initial investigation on the use of an aluminim anode involved
the use of AlCl and NaCl eutectic electrolyte. Because of the
vapor pressure Lnd hydroscopic nature of AlCl , the results obtained
in initial tests were erratic. In metallurgical practice, electro-
lysis of aluminum is made possible by the use of the metal fluoride
(AlP ). Therefore, emphasis was placed upon the use of a fluoride
electrolyte on the anode side of the experimental cell.

3.3.3 Cathode Materials

The use of a molten-salt electrolyte necessitated the selection of a
cathode material from the inorganic oxides that are stable at high tem-
peratures, and which have a high available-oxygen content, such as NiC,
or a metal, metal-ion electrode such as AgCl. In the program, the in-
organic oxides were investigated more thoroughly because of their high
theoretical ampere-hour capacity.

3.3.4 Method of Separation

A basic problem in the selection of secondary couples in systems using
molten-salt electrolytes is the separation of the anode and cathode
materials. The solubility of the various reversible materials evaluated
was an important consideration in this problem of active component separa-
tion. Various methods of separation were investigated. A reaction me-
chanism permitting the reversible mobility of a single ion was selected
as the best method of separation. The Important phenomenon of the reaction
mechanis is the ability of a single ion to be transported reversibly
through a ceramic material. The type of ceramic material which was de-
veloped during the program permits sodium ion mobility, and also has a
higher electrical conductivity and lover operating temperature than other
similar materials. Therefore, the coupling of appreciably *olube cathodes
to an alkali or alkaline-earth-metal anode was made possible. A reversible

ASD-TIIR-63-115 12
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cell based on this principle is illustrated in Figure 3. The electrical
conductivity of the ceramic material as a function of tenpersture is shown
in Table IV.

3.3.5 Considerations for Molten-Salt Studies

3.3.5.1 Reactivity of Molten Salts with 0xygen and Water from Air

Because many of the salts under consideration readily hydrolyze, and
since the anode materials react vith oxygen and water, an inert at-
mosphere was used.

1 3.3.5.2 Containers

The contaisent of molten salts presented many problems because of
the temperatures involved and the corrosive nature of many molten
salts. Several materials that vere found satisfactory as containers
are boron nitride, graphite, quartz, pure refractory oxides, and
glass. In the experimental studies, boron nitride, quartz, and
Pyrex -ere used.

3.3.5.3 Purity of Materials

In general, investigations of electrode kinetics required that high-
purity material be used. This is particularly true of studies for
the determination of exchange currents. In the present study, how-
ever, the degree of reversibility desired requires a large exchange
current and, thus, the effect of impurities vere lessened consider-
ably. This does not mean that all reasonable precautions should
not be met. LAitinen and his co-vorkere (ref. 16) have described
criteria for electrolyte purity for exchange-current measurements.
A particular problem in obtaining high-purity material is the
removal of water from the salts vithout eausing hydrolysis. This
requires that the salts be dried by special techniques prior to
being placed into the cell. The procedure developed by Van Norman
and Janz (ref. 17) was used in the present studies and is described
in Section 3.41.1

i 3 3... •4 Time to Reach Equilibrium

A general characteristic of molten-salt systems is the time that is
required for such systems to reach equilibriuma. For -eGle, systems
have been reported vhich did not reach equilibrium for 20 hours (ref 17)

1
I ASD-Tmt-63-U 13



ANODE ELECTROLYTE SEPARATOR ELECTROLYTE CATHODE

( -Mg MgCl 2  (Dichr) Na cl" AgCl, Ag- (.)

(Charge)

NaCI Ceramic

MX,-382

Discharge:

Mg -+eg*

AgCl + e- Ag + C

Mg 4 2AgCl MgCl 2 + 2Ag

g+++ 4e -MM g

Ag + Cl - AgCl + e

KigCl 2 + 2Ag gM + 2AgCl

FIGURE 3. MECHASM AND REACTIONS OCCURRING IN A MAGNKFSfWSILVER-ClIURIDE
COUPLE WITH A CERAMIC SEPARATOR.
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after reaching the teat temperature. Also,, the rate at which. the
systm is brought to temprature has been. found to be a factor in
aobtaini reproducible measurements (ref. 18). Usually a low rate,
on the order of several hours of temperature increase, is the most
desirable. At this time, there is no reasonable explanation of
this phenomenon and optimma conditions must be determined empirically.

3.3.5.5 Volatility

Sone salts develop a high vapor pressure vell below their normal
boiling point. This Is an Important consideration vhen using couples
with aluain halides. This condition also necessitates a closed
system.

3.3.5.6 Temperature Control

The uniformity of the temperature within the cell is also of prime
importance. Therefore, the design of the furnace must limit heat
leakage, insure good thermal contact to the cell electrolyte, and
prohibit thermal gradients within the electrolyte.

3.3.5.7 Electrical Contact

The making of electricil contact to the reactive anode requires that
the terial used be inert. This, therefore, limited the material
possibilities considerably. In addition, because of a thermoelectric
effect (ref. 19) It is desirable to use the same material for electri-
cal contact to both the anode and cathode.

3.3.5.8 Accessibility to Cell Contents

Accessibility to the cell contents during the course of the run Is
desirable in experimental cells and thus vas considered in the cell
design.

3.4 ='u .AL PROCmIIS AnD COwPns ManAT s nINVZI&TU

The experimental apparatus and the experimental cell for measarements of saf
and polarization for the various anode-cathode couples with a molten electro-
2$e are illustrated in Figure 4. The lover section of this cell ms can.
structed of 0-mm-diameter quartz tubing. This section Is connected to a
standard taper 50/50 Pyrex ground-glass Joint to permit Interchange of various

AOD- = -63-115 16.
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electrodes and easy accessibility for the addition of various materials. In
this upper section of the cell, there are tvo joints through vhich electrical
contact is made to the electrodes, a thermocouple vell, a psa-release valve,
and a three-wy stopcock for gs Inl and vaeuma outlet.

In order to protect the contents of the cell from atmospheric contamination, I
purified argon gas (ref. 20, 21) was continually introduced Into the cell,
and excessive gas pressure ve released by mean of the pressure-release valve.
In order to protect the outside jacket, an inner crucible was added to the I
electrochemical cell. The composition of the inner crucible va determined by
the couple being studied, and is described vith the particular couple. Ii
A feeder tube va included in the cell. This tube prevented the exposure of
the salts to the atmosphere during the assembly, and thereby prevented moisture
absorption. In addition, this tube permitted the addition of the malts after F
all the components of the cell had been assembled and in this wy added to an

improved geometry of the electrodes. All these procedures vere carried out
in a dry box. I
A stirrer was incorporated into the cell design in some studies in order that
equilibrium could be attained in the system more rapidly. !

The circuit diagram for the electrical measurements during charge and dis-
charge is shown in Figure 5.

3.4.1 Prparation of Salts for Electrolyte

In preliminary tests, the sats vere stored in a vacuum for a period of I
three to four days. It va believed that any minute quantity of moisture
would be removed in this vacuum. However, after the initial runs, there
we evidence of an oxychloride formation in the electrolyte. The erratic
results in early studies were attributed, in part, to this. The set-up
that vas employed for the purification of the salts is presented in
Figure 6. The salts were dried in a vacuu oven at UOC for 24 hours
and then mixed thoroughly in a ball mill. The mixture wv placed in the I
filtration apparatus and dry HC1 gas me passed over the surface of the
povdered salts while the temperature gradually increased. Considerable
amounts of water were removed, as va evidenced by the formation of Vater I
in the gas outlet tubes.

Once the salts were molten, HRU gas vas passed at a vigorous rate untilI
no more vater appeared to be evolved. The passage of ECI then continued
for two hours, followed by a purge vith argon to remove aU traces of IM1
from the melt. The salts were then filtered, cooled, crus1ed, and stored
in screw-cap Jars. Folloving this processing, the sats were used for

Agg-SmT-63-115 18
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experiments by taking the required quantities and treating them for a
short period of time vith ECI ps to rnove any adsorbed water an the
murface of the eutectic. This experimental precaution, althou& time
consuming, was a necessary factor in obtaining stable potential measure-
ments in molten malt electrolytes.I
3.4.2 goperioental Results For Molten-SaLit Cells

1 3.4.2.1 Couples with Molten-Chloride Electrolyte

I gP

I The couple Mg-AgCl,Ag was selected to demonstrate the feasibility of
couples of the basic types M./MbCl , ICl/Ceramic/fCl , M0Cl/cM-

Results were obtained on several different experimental cells, as

shown in Figure 7 and 8.I
The discharge voltage of the Ng-AgC1/Ag couple as a function of
current drain is shovn in Figure 7. It can be seen that the cell

does not polarize appreciably at a given current density as

function of time. The large internal-resistance drop is due to the

relatively thick ce.amic separator. The data in Figure 7 were
jobtained an cells which had not been discharged prior to measurment.

Figure 8 shows data obtained with a charge cycle of 15 minutes at 15
milliamperes, followed by a 17-minute discharge. The charge and dis-
charge data for the unplotted cycles are intermediate between the
plotted curves. The mall degradation in discharge voltage and the
increase in charging voltage as a function of the cycle life are at-
tributed to a slow attack on the ceramic separator by the magemauem
anode. This effect was indicated by a mall amount of darkening of
the cer--ic separator in the anode compartaent after the cell wA
disassenbled.

SThe cells were operated for a period of 96 hours at a temperature of
700eC before being disassembled for inspection. The only "sLeal
change of any of the various cell cagponeats vas the darkening mentioned3 above.

Because of the know reversibility of this couple, and the results
obtained above, an attmpt wis made to build a cell an a eacitY ai08.

Aw-m-63-115 91.
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The low-ampere-hour capacity of Aga was recognized. However, the
objective of this test ves to evaluate the system as a power cell.
The electrochemical structure of this cell ms as follows:

I&/NgClc2 , NCl/ceramic/MSCI 2 , maClAgCl/Ag

The experimental arrangement and description of the couple are
given below:

Electrodes:

Anode .25 gram magnesium, molten

Cathode 3.8 gram silver powder, pressed on a
silver grid, and anodized in 21 HCl

Electrolyte (Excess):

Anolyte MW1 2 , haCl (48 , 52 mole-%)

Catholyte MgCl 2 , hCl , AgCl (45 , 50 , 5 mole-%)

Separator Ceramic tube (approximate area of 1.32
square inches)

Operating 7006C

Figure 9 shows the geometric configuration of this cell. This cell
us discharged at a current of 40 ma, and the discharge curve of
this cell, at 0 -m, is presented in Figure 10. The curve shows that I
the cell voltage dropped rapidly with respect to discharge rate and
time. Since these results shoved no Improvinnt over this couple when
solid-silver sheet ws used, the experiment was discontinued.

Phe 1Li-AjCU/AgOinuq

To deiostrate the reversibility of lithium as an anode material, a
Li-Aga/Ag couple us fabricated.

Tais test cell us fabricated with molybdonum tube inserted Inside
the upper portion of the ceramic separator tube. The molybdnmi
insert as to protect the cermic fro attack by the Wolten lithium
metal which floats an the electrolyte. Lithimm forms the commnly
observed tal "fog" which makes the selection of the electrolyte
critical. Lithim ions also reduce the ionic conductivity of the

AOD-TM-63-115 94. I



!
I
!
I
I

SILVER WIRE TUNGSTEN WIRE

CERAMIC TUBE
,

f ELECTROLYTE 
GL TUBE

(mgOC 1 ,NaCL.AqCLT-ý
S•,-PELLET

(MOLTEN Mg)

WAFER POWDER- '--•ELECTROLYTE

(MOLTEN Ag)

I

I ML- 143

I
I

FIGURE 9. CLL CONFIGURATION OF Mg-AgCl/Ag M•TEN-SALT BATTERY.

AOD-TDm-63-l52I



Ito

0I

0 0

AM-M-63-5 26



ceramic, thereby decressing the efficiency of the couple under
investigtion. A possible solution to this problem is presented in
Section 3.5.4. The molybdema tube helps to protect the ceramic from
this contamination. Figure U1 illustrates the configuration of the
ceramic separator tube.

The configuration of this cell was as follows:

Li/LiCl , Ncl/ceramic/1gCl 2 , NaCl,AgCl/Ag

The experimental arrangement and description of this couple are given
below:

Electrode:

Anode 0.1 gram lithium

Cathode 0.005 gram silver plated on one square
inch of platinum

J Electrolyte (Excess):

Anolyte LiCl , NaCl (60 , 40 mole-%)

Catholyte NaCi , •gCl.2 , AgCl (50 , 45 , 5 mole-%)

Container Quartz insert

Separator Ceramic tube (approx. area of 1.32 square
inches)

Operating Temperature 7000C

Representative charge and discharge cycles of this cell are presented
in Figure 12. The cell was cycled twice at a current of 10 m, and
reversibility was exhibited. The Open-circuit voltage of this cell
vas 2.10 volts, which is 0.60 volts lower than the theoretical open-
circuit voltage. At this time, there is no acceptable explanation
for the low voltage.

The Mg-NICl 2/NI. System

The geometric configuration or this cell is the same as Illustrated
in Figure 11. This system enables the use of the NgCl , NaC1
eutectic "s the electrolyte for both compartments of t;e cell.

AS.-TJR-63-llw 27.
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Hence, the melting point of the magnesium anode (650"C) need not be
exceeded to bring the electrolyte to its molten state sinie the
melting point of the electrolyte is 14500C. The advantag, of this
system is that the surface or" per unit weight of magnesium an be
greatly increased by the desin of the electrode. However, when the
magnesium is molten, the system is limited to the surface area of a
sphere.

Electrochunically the couple was set up as follows:

M4L/MgCl 2 , NaCl/ceramic/M9Cl 2 , hCl, NiCl 2/Ni

The cell is described quantitatively below:

Electrodes:

Anode 98 2 .5 gram; surface 2 square cm.

Cathode Ii sheet % 2 gram; surface -10 square cm.

Electrolyte (Excess):

Anolyte & Catholyte MgC1 2 , NsCi (48 , 52 mole-%)

Separator - Ceramic Tube: area a 1.32 square inches.

Operating Temperature 500"C.

An initial discharge curve at 20 ma is shown in Figure 13.

A cell constructed with the configuration:

9/gKgCl 2 , NaCl/ceramic/J4gCl 2 , NmCl , CuCl/Cu(Pd)

was chosen to demonstrate the reversibility of a CuCl/Cu cathode.

The experimental arrangement and description of this couple are given
below:

Electrodes:

Anode 0.6 gam magnesium

Cathode 1.000 gram, copper plated on one square
centimeter of palladium, plus .002 pam
CuCl added to the melt.

AsD-•m-63-l15
30
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Electrolyte (euess):

Aflolyte 341012 Nacl (1.8 , 52 mole-%)

Catholyte V4Cl2 , 3.CI , CuCl

Container Quartz Tube

Separator Ceramic tube (area a 1.32 square inches).

Operating Tenperature 700"C.

Typical charge and discharge data for this couple are shown In Figure
14 and Table V. A base material, such as platinum or palladium, wa
required because of the large exchange currents often encountered
with may electrode combinations in molten-salt systems (ref. 2).
In this test, palladium was used in place of platinum as the base
cathode material in order to eliminate the alloying effect previously
encountered.

At 700C, the theoretical reversible potential of this couple is 1.45
volts. However, the data indicate that the potential of this experi-
mental cell was 1.65 volts. The higher potential did not affect
reversibility at charge and discharge currents of flve milliamperes.

The Al-NiCl2/Ni Couple

A cell of the configuration Al/AlF , h&Cl/cersmlc/ftmC , NgClý/I(Pt)
was chosen to demonstrate the revehsibility of a Al/NiClJNi cauple.
The reversible potential of this couple is 1.35 volts atTOOeC. Experi-
mentally, the couple deonstrated its reversible potential.

The experimental arrangement and description of this couple are as
follows:

Electrodes:

Anode 0.5 gr•am of aluminum

Cathode 0.005 gam nickel, plated on one square
inch of platinum

Electrolyte (Excess):

Analyte AlF ,NF6, W0mole-%)

Catholyte h0 ,,,4101. , IiCl (51.8 , 47.8, o.i.

mole-%)
ASD-TN63-U532
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TABLE V. CHARGE AND DISCHRGE DATA OF M9-CuCl/Cu(Pd) COUPLE.

CAGE DATA AT 5 MA DISCHARGE DATA AT 5 MA

TE (volts) (volts)

(minutes) CYCLE CYCLE

2 3 4 2 3 4

Initial 1.78 1.86 2.14 1.65 1.68 1.80

1 - - - 1.56 1.59 1.55

5 2.24 2.25 2.20 1.49 1.51 1.48

10 2.26 2.25 2.21 1.42 1.46 1.45

15 2.26 2.26 - 1.37 1.142 1. 42

20 2.26 2.26 2.241 - 1.39 1.4o

MT-101

AsD-Tm-63-115 34



Container Quartz tube

Separator Ceramic tube (area a 1.32 square inches)

Operating Temperature 7000C.

Four charge and discbarge cycles, at a current of 10 mas, were per-
formed on this couple. As my be observed from Figure 15, the cell
behaved reversibly vith respect to the charge and discharge currents
of 10 ma. Additional experimental tests vere conducted on this couple
in order to measure its coulabic capacity and efficiency. Its
estimated theoretical capacity is 238 watt-hours per pound.

2The Al_,_AC_/AgCo~upe

This couple was chosen to demonstrate the reversibility of an aluminum
anode. The configuration and physical description of this couple are
as folloes:

Al/Al? 3 , P/ceramic/NgCl 2 , hCl,AgCl/Ag(Pt)

Electrodes:

Anode 0.05 gram of aluminum

Cathode 0.005 gram of silver, plated on one square
inch of platinum

Electrolyte (Excess):

Anolyte Alp 3 , w (60 , 40 mole-%)

Catholyte IgCl 2 , NaCl , AgCl (45 , 50 , 5 mole-%)

Container Quartz tube

"Separator Ceramic tube (approx. area a 1.32 square
inches)

Operating Temperature 8000C.

The charge and discharge curves for this couple are presented in
Figure 16. The cell vas charged and discharged at currents of 5 and
10 ma. Under these two conditions the cell behaved reversibly asIpredicted. The theoretical capacity of this couple in 151 vatt-hours
per pound of reactant material.

AOD-TM- -63-115 35I
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A cell having the configuration:

Mg/J•Cl 2 , NeCl/ceramic/LY04 , I 2so8 , COl/NiO , i[

vas chosen to demonstrate the feasibility of a sulfate-eutectic
electrolyte, and to demonstrate reversibility of an oxide cathode.
The reversibility of NiO,Ni under no-load conditions has been demon-
strated. The experimental arrangement and description of this couple
follows:

Electrodes:

Anode 1.5 gram of magnesium

Cathode 0.5 gram of nickel

Electrolyte (Excess):

Anolyte MgCl 2 , NaCl (48, 52 mole-%)

Catholyte Li SO , Na 2so , CaO (70.6 , 28.4 , 1.0

Container Alumina cup - Mrorganite, Inc., Long

Island, Nev York

Separator Ceramic tube (area - 1.32 square inches)

Operating Temperature 6000 C.

Typical charge and discharge data for this couple are presented in
Figure 17. The cell vas cycled 10 times for periods of 15 minutes
each at charge and discharge currents of 5 milliamperes.

The cell denonstrated its reversible potential of 1.45 volts, and vas

reversible under load, as shovn by Figure 17.

The Mg-Cu20 , Cu(Pd) Couple

A cell having configuration:

Mg/UCl 2 , NaCl/ceramic/L. 2 SO1 4 , NOLS04I , 0/Cu20 , Cu(Pd)

operating at a tinperature of 600C, demonstrated the reversibility
of a Cu20/Cu electrode.

ASD-TM-63-U1 38
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The pVysical arrangement of this cell is as follovw:

Electrodes:

Anode 0.8 gram of magnesium

Cathode 1.000 gram of copper, plated on one
square ca of palladium, plus .002 gram
of CU2 added to the melt.

Electrolyte (Excess):

hnolyte Mi1 2 , aCl (8, 52 mole-%)

Catholyte Na So Li24 S CoO (70.6 , 28.4 , 1.0

Container Alumina cup - Morgenite, Inc., Long
Island, Nev York.

Separator Ceramic tube (area z 1.32 square inches)

Operating Temperature 600dC.

Dischar~e and charge data for this couple are presented in Figure 18
and Table VI. This cell attained its theoretical reversible potential
of 1.40 volts at 6000C. The cell wsa cycled five times at a current
of five milliamperes, and, as can be observed from the data in both
the figure and the table, the cell exhibited reversibility under
load conditions.

The Al-NiO ,_Ni Couple

The Al-RiO/Ni system vas designed to function as a pover cell because
it was anticipated that this couple vould be used for a prototype
molten-salt secondary battery. The experimental arrangement and the
qualitative and quantitative materials used in this couple are given
below:

Al/A1 3 , NsF/cermmic/h-2 W4 , ' MgSN/iO, Ni

Electrode:

Anode 3.5 gram of aluminum
Cathode Two sintered-nickel plates, containing

a total of 6 srm of pu=e NI and 14 gra
of NtO

ASD-atf-63-n15 40
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TABLE VI.* CHARGE AND DISCHARGE DATA OF Mg-CU2 /O/Cu COUPLE.

CHARGE DATA AT 5 MA DISCHARGE DATA AT 5 MA
(Volts) (Volts)

TIJE CYCLE TIME CYCLE

(Minutes (Minutes) _

1 3 5 1 3 5

Initial 1.00 0.87 0.47 Initial 1.12 1.20 1.00

5 1.37 1.49 1.10 1 0.70 0.74 0.49

10 1.40 1.52 1.53 2 0.62 0.52 -

15 1.41 1.53 1.60 3 0.54 0.48 -

20 1.42 - 1.59 4 0.45 - 0.40

- - - 9 - 0.37

Mr -102

ASD-TM-63-U5 42



I

i letroaye (moose):

Ca thoyte ]ks28% , xgs01 (56, 44 mole-%)

AnoIte ,A.3 , my (50, 50 mole-0)

iSepartor Ceramic tube (area 1.32 squar. inches)

Operating Tmperati•Le 6OC.

I Figure 19 illustrates the configuration of this paver cell. Fiare 20
presents the discharge data of this cell at 12 and 50 am, and Figure
21 represents its charge and discharge data at various currents. The
data indicate the possibility of desling a paver electrode for the
present application by Increasing the surface area of the cthode.
However, because of an apparent attack oan the ceramic tube by the
flourid. electrolyte, and the high tmperature required to bring the
electrolyte to its molten state, the einination of this systAm ve
discontinued.I
_r,, _g-IoLN± .rt-

The geometric configuration of this cell in the sme as shown In
Figure 19, although the anode and anolyte are different In this case.

The description of the couple appears below:

dMg/1g0 2 I Nmc/cermi'c/iUgs4 I X&2 W4/NiO I Ni

Electrodes

Anode 2 gam molten magesim

Oathode Sintered-nickel plates, containing a
total of 4 prus no and 6 pems ii.

nectraite (Bzuess):

olyte MS2, Ma (i8 , 52 mole-%)

Cotholyte ftwh, a2801% (", 56 mce-%)

Separator Ceramic tube (area 2 1.32 square inches)

operating !owerature 80'c.

A1-T-63-115 43
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The charge and discharge results for this couple appear belov:

Open Circuit Voltage (o.c.v.) : 1.60v

DISCHARGE CHARGE

Time Voltage Current Time voltage current

0 1.140 100 0 1.65 10

1 .70 100 1 1.70 10

2 0 100 7 1.75 10

2 1.36 20 10 1.76 10

3 1.30 20 10 1.80 20
6 .80 20 20* 2.25 "Y'

*Contact was broken at the cathode after 20 minutes of charge.

Work was discontinued on this cell because of its inability to
accept high charge and discharge rates without considerable polari-
zation. A pover cell with a molten anode is considered Impractical
because of the mall surface area per unit weight of the anode. This
results in a high-current density and, thus, considerable anode po-
larization.

3.5 CAN1IC SEPARATOR STMUD

3.5.1 Objective

The objective of this study wvas to determine the behavior of the ceramic
material under consideration with respect to its use in a molten-salt
battery. The folloving factors were considered in this study:

a. stability withrrespect to anode material.

b. sensitivity of the conduction mechanim to environment.

c. sensitivity of current reversibility to electrolyte impurities.

ASD-T3-63-115 7
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d. effect of smas tranuport an ceal desigm.

0. tmperature gpadient in the eearator.

f. theaml coefficient of expansion.

g. other elent having high Ion mobility.

3.5.2 Ceramic Tube and Disc Preparation

Way ceemic-separator tubes and discs vare prepared for use in experi-
mental cells. The materials used In the preparation of the ceramic slip
carred. vith thm many impurities (esO3, At& Co, WO) which an
detrimental to the system, pearticularl In Ing the diffusion rate
of the sodiuA Ion. To minimze the effeets of the Impwities, a cermic
vas developed to eliminate the need for Old Nine & Kentuc* Bel clay
and Pioneer Georgia kaolin clay. Thes clays contain potassiu and iron
in sufficient quantities to have detrimental effeets of the systes under
investigation. The cheical compositions of thes" tw clays are as fol-
low:

aterial Kentucky 1 (G) eorgia Kolin ()

SOi2  51.92 45.34

A1203 31.78 37.29

TIo2  1.52 1.56

CaO .21 .25

)w .19 .22

N,20 .38 .35

X20 .89 .10

Ipitia Lo"s 12.29 13.38

Because of the ellimnation of the@* clays, a different casting procedre
ws uaed. Thie now peodure used toluene as a easting medi, and per-
mitted the cermic tube to be cast vithest the addAtln of clays to pro-
vife vorability. The ceramic tubes and discs vere then fired In an
electric fuzusce at a pyr etric-cene eVivalent to two (nSuil tUpez-
ture for heating cyClo Is 170*C.)

AOD-TM-63-ll,
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3.5.3 Procedure for Preparation of Ceramic Separator

1 A doctor blade, which in a precision blade that uses a micrometer ad-
justment for positioning blade height, was used to fabricate ceramic
separators in thin sheets. The ceramic disc used vas prepared using
the following formula:

I Sodium Silicate (Na2SiO3) 128 g

Alumina (A 2 03 ) 107 g

Silica (Sio 2 ) 117 g

I Kentucky Ball 54 g

Georgia Kaolin 71 g

This mixture was then calcined for 30 minutes at 1100lC, followed by
pulverizing of the frit in a grinder. To the pulverized material, 142 g
of Kentucky Bali, 111 g of Georgia Kaolin, and 350 cc of water were then
added. This mixture was milled and passed through a ferro-filter in
order to remove any traces of iron which may have been picked up in the
grinding process.

After drying in an oven at 100*C, the material was mixed with an orgnic
binder (VYNC, a mixture of polyvinyl acetate and polyvinyl chloride) and
a solvent carrier (methyl ethyl ketone). This material was then cast by
means of the doctor-blade process into a thin film (.005 - .01-inch),
laminated to the desired thickness, and fired to 170C for one hour on
zirconia setters.

The initial work in this study was aimed at the forming or cutting, of
the ceramic disc prior to firing of the body. The tolerances neeessary
for the final piece, with respect to the diameter of the disc, dictated
forming (cutting) after fixing. This was accomplished by means of ultra-
sonic cutting.

1 3.5.4 Studies of Ceramic Separator

Various fundamental studies of the ceramic separator were performed. These
studies were conducted to consider corrosion by the salts (both under static
and dynamic conditions), as well as dc conductivity of the separator.I
Corrosion was measured by carefully predetermining the dimensions of the
ceramic, exposing the ceramic to the molten salt for a given period of
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time, cooling (to solidify the salt around the ceramic), and cross section-
ing through the ceramic. This allowed careful measurement to be made of
the area of ceramic exposed to the salt. From those measurements a cor-
rosion rate was established.

A dc conductivity bridge was used to calculate specific resistance of the
ceramic separator. Standard electrochemical conductivity test procedures
were followed. Based on these data it was ascertained that a specific
change improves the quality. When the nature of sodium-ion mobility had
been carefully studied, other materials were studied. All the monovalent
cations in the IA group of the Periodic Chart were considered.

It is vell known that the diffusion rate of potassium is lower than sodium.
A possible explanation is the difference in ionic diameters., Pauling has
calculated the diameters of sodium and potassium to be 1.90 A and 2.66 A
respectively. From these diameters, potassium is volumetrically 2.8 times
larger than sodium. Therefore, more force is required to initially move
a potassium ion, and, according to Taylor (ref. 27) the specific resist-
ance will be higher, as shown in the following equation:

log ,U HC + A
RT

where 0 specific resistance

A z a constant for a given glass

HC % energy of activation

R z the gas constant

T % absolute temperature

It can be seen from this equation that an ion having a larger diameter,
and thus having a higher activation energy, will have a higher specific
resistance. The dc conductivity, the inverse of specific resistance,
will be lover. It is also apparent that an increase in temperature will
reault in an increase in dc conductivity.

Candidates for this study were selected according to the following char-

-acteristics:

a. Monovalence - The direction of movement is in opposition to
electric charge; therefore, it is Improbable that divalent ions,
even smailer ionic diameters, are able to migrate at temperatures
where the monovalent ions diffuse. Divalent ioss, such as calcium
in ziconates,vere studied to verify this theory.
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b. Ionic diameter smaller than 1.90 A - These ions require lowerenergy for activation, and, therefore, have lover specific re-

sistance and higher dc conductivity.

Based on the above criteria, lithium was selected as the most logical
candidate. Lithium is a monova ent ion with an ionic diameter, as
calculated by Pauling, of 1.20 A. This volumetrically is less than 1/2
that of sodium; hence, it requires a lower activation energy resulting
in a lover specific resistance and a higher de conductivity. Lithium is
most desirable because it produces a minimum-weight electrolyte. The
use of lithium resulted in a ceramic separator material which permitted
rapid diffusion at a relatively low activation level and provided a cell
capable of operating satisfactorily at a lower temperature.

3.5.4.2 Thermal Coefficient of Expansion

Initial findings indicated that the thermal coefficient of expansion
of the ceramic material is of prime importance in sealing the sep-
arator to the experimental cell design. This fact was particularly
important in the physical design of the cell, developed to demonstrate
the capacity of a selected couple.

The thermal coefficient of expansion of the ceramic separator is
shown in Figure 22. This curve shows that the thermal coefficient of
expansion of the ceramic is approximately 10 times that of fused
quartz. The thermal coefficient of expansion of this ceramic ma-
terial is very similar to that of standard ceramic bodies, and caused
a severe separator-to-battery-housing sealing problem. The solution
to this is discussed in Section 3.6.2.3.

3.5.4.3 Improvement of the Ionic Conductivity of the Ceramic
Separator

In an electrochemical cell utilizing molten-salt electrolyte, it is
essential that the ceramic separator be chemically and thermally
resistant and possess a high degree of "transparency" to the movement
of the sodium ion. By means of present techniques, it was possible
to prepare a ceramic separator which permitted mobility of potassium,
silver, or lithium ions.

Improvement of the ceramic separator characteristics was attempted
in two areas. These were:

a. improvino the present ceramic body by introducing the soda
(Na 2 Sio3 ) in another form )and the removing of the ball and
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I kaolin clay. The main purpose in adding these clays was
for the plasticity req~uired in slip casting. However, in
the method nov used to prepare the ceramic separation disc
(Section 3.5.3), the organic (toluene) binder replaces
these clays. The removal of these clas fram the procedure
eliminated any contaminants from the clays.

b. investigating other ceramics capable of permitting mobility
of a single ion of other elements from the IA group of the

I periodic chart.

Examples: lithium, potassium

3.5.5 Corroilon Studies

I In the design of a molten-salt secondary battery, the corrosion rate of
the molten salt on the various materials used in the battery construction
must be known. A corrosion study which exposed the verious materials to
the molten salts for approximately one week was initiated.

3.5.5.1 MgCl 2 , NaCl on Frenchtown 4462 Alumina

A corrosion study was made on Frenchtown 4462 alumina since the pro-
totype battery was designed to be contained in an alumina cylinder.
The alumina was cross sectioned after four days exposure to a molten
Mi 2 , NaC1 electrolyte. Although a slight decrease in the outer
skin thickness was observed, no definite conclusions regarding cor-
rosion could be made from these initial tests.

3.5.5.2 MgC1 2 ,NaCl on Corning 7280 Glass

Corning 7280 glass was considered for use in sealing various joints.
This glass was subjected to the molten salt for two hours in an
argon atmosphere, and significant changes were observed. The pre-
viously clear glass became very cloudy, the weight increased slight-
ly, and the size was reduced slightly. Cross-section studies show
definite attack by the salt. When this attack was recognized,
attempts were made to make seals with another sealer. Although a
successful try was made to seal the ceramic separator directly to
the alumina by means of green ceramic slip, this method was discarded1 in favor of the procedure described in Section 3.6.2.2.

5
I
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5.5.5.3 MgCl 2 ,NaCl on the Ceramic Separator (10-percent NY2 0)

The ceramic separator shoved no evidence of corrosion by the
MgC12, NC1 electrolyte.

3.5.6 Resistivity Studies

3.5.6.1 Cell Configuration for Resistivity Measurement

It was necessary that the resistivity of the ceramic separator be
determined in the design of a molten-salt secondary battery. A cell
was designed for the purpose of determining the resistivity of the
ceramic separator. Figure 23 illustrates the cell configuration
used to obtain this resistivity measurement.

The cell was constructed with a 3/4-inch diameter by 10-inches long
Corning 7280 glass tube. Three platinum electrodes were placed
equidistant from each other in the glass tube, and the ceramic
separator was placed between two of the electrodes. The electrolyte
used in this cell design was a 48,52 mole-percent MgCl ,NaCl eu-
tectic. An ac bridge was used to measure the cell resistance.

3.5.6.2 Resistivity Data

The value of the resistance of the ceramic separator was obtained
by subtracting the difference between the cell resistance, measured
with the ceramic separator, and the cell resistance measured without
the ceramic separator.

then:

(3 R . A

where:

P Z resistivity (ohms/cm)

A % area of electrode (cm.)
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distance between electrodes, for salt resistivity (cm)

thicimess of ceramic separator, for separator resistivity

(cm)

R Z resistance (oams)

Table VII shows the data obtained for the resistivity of the ceramic
separator and salt. The data indicate that the ceramic separator
is the limiting factor with respect to resistivity, but not neces-
sarily to the resistance of a molten-salt secondary battery. Fig•are
24 presents a plot of the resistivity of the ceramic separtor versus
temperature.

Since the molten-salt electrolyte has finite resistivity, the area
of the electrodes and the distance between them must be considered
in any design of a practical molten-salt secondary battery for space
applications.

3.6 mOLTEN-SALT SECONDARY BA'ERY DESIca

A moltenvsalt secondary battery vas fabricated upon conclusion of the present
program. This battery consisted of two cells in series. The design objectives
of this battery were as follows:

a. capable of a 20-ampere discharge for 35 minutes with voltage maintained

at 2.6 volts, ±20 percent.

b. capable of repeated cycling (a minimum of five cycles).

c. a minima battery weight which is a function of design.

d. a minima battery volmn as a function of design.

e. capable of operation in any position.

f. capable of operation at zero gravity.
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TABLE V33. RESIST• UT DATA OF THE CERAMc 5E.PAATM (DA.2A oBmTIIM FM TWOI ~ ~DnmwFEU cELw).

!

I CELL 1 CELL 2

Pt electrode area o 0.8 cm2 Pt electrode area * 1.0cz 2

Pt electrode distance 14.-45 ca Pt electrode distan e: 3.81 cm

g Resistivity Resistivity
(on-CM) ( -cm)

Temperature Salt Separator Temperature Salt Separator

I(0 ('c)

500 1.1 417 430 1.70 4940

510 1.1 16o 440 1.62 4150

525 1.1 - 450 1.55 176o

570 1.0 - 450 + - 1040

-MT-103

A

I
I
I
I
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1 3.6.1 Electrodes

I 3.6.1.1 Anode

SThe battery used magnesium as the anode. Magnesium vas selected ia
preference to aluminum because the flouride eutectic electrolyte,
which is necessary with an aluminum anode attacks the ceramic separator.
Magnesium also permitted the use of a MgCl N,&MCI eutectic electrolyte.
If alumina had been used, the use of a A i;NaFeutectic which has
a melting point of 69oC would have been re;uired. This temperature
is vell above the desired operating temperature of the battery. There-
fore, the use of a MgCl 2 ,NaCI eutectic 3whose melting point is 450C,

permitted the operation of the battery within a reasonable temperature.

1 3.6.1.2 Cathode

f A cathode made of either NiO or NiCl 2 would provide the highest ampere-
hour and watt-hour per unit weight of material. The NCi2 cathode
was chosen because it permitted the use of a chloride electrolyte
(MgCl 2 ,N&Cl) instead of a sulfate electrolyte which would have been
required if an oxide cathode, such as NiO, were selected. The melting
point of the sulfate electrolyte is greater than the melting point of
the magnesium electrode. Therefore, a sulfate electrolyte van un-
desirable because it would necessitate the use of a molten, rather than
a solid, anode. The battery was designed to operate at a minimum of
450OC (melting point of electrolyte) and a maximum of 650*C (melting
point of magnesium).

3.6.2 Mechanical Design

3.6.2.1 Geometry

The geoaetry of the cell was limited by the size to which the cereamc
separator could be fabricated. The cell was designed to produce a
minimum resistance of the separator and molten-salt. A 3.5-inch-
diameter ceramic separator with a minimum thickness of 0.015-inch was
the largest size of ceramic separator that could currently be made.

The cells were cylindrical in shape with a radius of about 3.5 inches.
The distance between the electrodes was approximately 0.5-inah.

Electrolyte volume was critical because cycling involved a transfer ofI&Cl toward the cathode and affected the sole percent and the melting
point of the electrolyte.
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Braznm Tenhnigue: One BT-alloy washer (0.900-inch ID, 1.125-inch OD
and 0.005-nh thick) was used for each braze. To facilitate wetting,
a 3/8-inch-wide band was nickel plated around the center hole in the
seal cover. The shoulder of the pour hole was also nickel plated.
Nickel approximately 0.001-inch thick was used. These brazes were
made in the same Hoskins furnace with a live hydrogen atmosphere. The
braze zone was operated at 800"C. A 10-minute preheat, 25-minute braze,
and two-hour cooling cycle was used.

&s~eb1Z Braze

Set ip: The ceramic separator was mounted between the alumina cyl-
indrs and the cylinders joined with 7/16-inch wide, 0.005-inch thick
Kovar band, cut long enough to permit a 1/2-inch overlap and plated
with .002-inch nickel to facilitate vetting of the braze.

Before brazing, a ceramic separator was placed between two cylinders,
each of which had shoulder pieces attached. A BT-brazing alloy strip,
wider and longer than the Kovar band, was wrapped around the Joint
between the two cylinders. The Kovar band was wrapped over the BT-
alloy. After centering the bands over the metalized area on the cyl-
inders, they were bound snugly by wrapping the outside with several
turns of .020-inch nickel wire. Two turns of .015-inch BT-alloy wire
were wrapped around each edge of the Kovar strip to provide supple-
mentary braze material to insure a fillet at the edge. A two-turn
wrapping of .020-inch molybdenum wire was made at the lower edge of
the metalized area. This wrapping prevented the Kovar band from slip-
ping as the braze material melted.

Brazing Technique: Previous experience had demonstrated the necessity
of heating the ceramic separators slowly to prevent cracking. The
assembly braze was made in a periodic-type furnace of RCA design which
could be heated and cooled slowly. This furnace had an Inconel muffle
approximately 8 x 12 x 36 inches and was Globar heated. The maximum
power consumption was 40 KVA. Separate top and bottom temperature
controllers were provided.

For brazing, the assembly was located centrally in the muffle by
blocking it up on stainless steel supports. The furnace was closed
and flushed with dry hydrogen at a flow rate of 15 to 18 cubic feet
per hour. After 30 minutes, the furnade was heated to 500*F, held
15 minutes, raised to 7500F, and held for 15 minutes. This schedule
was continued to 1500'F, using 250OF increments and 15-minute holds.
After the hold at 1500oF, the temperature was raised to 17000F and
held for 30 minutes. The cooling progam duplicated in reverse the
cycle used for heating. The dry-bhdrogen flow vm maintained
througout the heating and cooling cycles.
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I The amount of sodium chloride transferred is a function of the extent
of cell charge or discharge. In the battery, the amount of electro-
lyte was equal to the minimum amount required to maintain the NaCI:
MgCl ratio and to keep the electrolyte molten at 5500C at all states
of charge. This necessitated a volume of electrolyte of approximately
10 cubic inches. Since the diameter of the cell was fixed at 3.5
inches, the minimum width of both the anode and cathode compartments
was limited to one inch. If the electrodes were kept two inches apart,
the voltage drop would be excessive because of the resistivity of the
molten-salt. In order to provide a sufficient quantity of electrolyte,
without a large voltage drop, the cell configuration shown in Figure
25 was designed.

l 3.6.2.2 Fabrication Methods

I Kovar Soulder-to-Alumina Cylinder Braze

Jigging: To center the alumina cylinders, or the Kovar shoulder pieces,
small nickel tabs were spot welded to the Kovar. Three or four tabs,
which measured approximately 3/16 x 1/2 x .005 inches, were bent per-
pendicular to the Kovar to form a nest into which the cylinder was
inserted. The braze material was melted, and the nickel tabs were
brazed rigidly into place.

An external clamp made from 1/2-inch-thick cold-rolled steel was used
to prevent the Kovar shoulder piece from warping during the braze cycle.
To prevent the brazed assembly from sticking to the clamp, a powdered
alumina release agent was painted on the clamping surfaces.

1 Brazing Technique: Two copper washers, 3-inch ID, 3-1/2-inch OD and
0.005-inch thick were used to make each braze, and were held in place
by the nickel tabs which centered the alumina cylinders.

The brazing was done in a Hoskins-type furnace using a hydrogen at-
mosphere. This furnace is a push-through type with preheat, braze,
and cooling zones. The braze zone was operated at 130*C to make
these copper brazes. The heating cycle was: 10 minutes in preheat
zone, 25 minutes in braze section, and two hours in cooling zone.

Pour Hole-to-Seal Cover Braze:

The pour hole piece was designed with a shoulder so that it vas self
Jigging in the center hole of the Kovar seal cover. To prevent the
seal cover from warping, a similar clamping jig to that described above
ves used with a release agent to prevent sticking.
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Electrode Attachment: Electrode spiders were welded to the Kovar
shoulders with an ASCO 20-KVA spot welder, model MX1O20-18. A one-
second weld time wa used with 3/16-inch diameter electrodes, at a
transformer setting of two. It is essential in welding the spiders
that intimate contact be maintained between the metal parts before
the power is applied. Poor contact will result in a week weld or
a burn-through in the material.

Seal Cover-to-Shoulder Hellarc Weld

Ji:ggig: The seal covers with pour holes were heliarc-velded to the
sou ere. A jig was used which was designed to keep heat from
reaching the brazed joint between the .aluminaa cylinder and the shoulder
piece. This jig also supplied sufficient load to the Kovar sheets to
keep them flat and in intimate contact. Two spacer washers were used
on each end to build up the edge thickness to compensate for the elec-
trodes. The jig was mounted on a turntable which rotated at about
1.3 rpm.

Welding: A Miller, Model 320A BP-Ia, ac-dc, inert-gas welder was used
for this operation. It was operated on straight-polarity dc on the
10-160-ampere tap with a current setting of 54. An Argon gas flow
of 10 cubic feet per hour was used. The high-frequency start and
remote-control operational modes were used.

After the piece was centered on the turntable, the electrode was
mounted about 1/16-inch from the edge of the Kovar pieces. The turn-
table was started, and the arc was struck. Minor adjustments to the
arc intensity were made by the operator who used a foot-control switch.
As the turntable rotated slowly, the arc melted the four thickness
of Kovar and made a perfect weld joint.

Pour-Hole Sealinl

The male and female pour-hole pieces were designed with narrow ridges
on the mounting surfaces. When the insert was tightened against the
gold seal ring, these ridges cut into the soft gold and formed an
hermetic seal. Gold was selected because of its ductility and its
ability to cold weld to the stainless under high pressures. Joints
with this basic design have been used in high-vacuum systems where
the demountable feature is required.
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3.6.3 Electrochemical Design

The following electrochemical design was used for each cell of the molten-
salt secondary battery.

Electrodes:

Anode Magnesium - 6 grams, 0.020-inch thick
riveted on Kovar a& shown in Figure 25a

Cathode Nickel - 30 grams, 0.020-inch thick clad
on Kovar as shown in Figure 25.

Electrolyte:

Anolyte 150 gram MgC1 2 , 100 grams Natl.

Catholyte 135 grems MgC12, 90 grams NaC1, 25 grams
NiCl

2 .

The anolyte and catholyte were added to the cell in the solid state. With
these materials, a difference in volume occurred between the solid and
liquid phases of the eutectics. The cell compartments, therefore, had to
be filled partially, then brought to the melting temperature of the eu-
tectic, and allowed to cool and solidify. The remaining salts were then
added. This procedure was continued until all of the required electrolyte
was introduced. Although time consuming, this method of filling proved
to be satisfactory.

3.6.4 Initial Heat Input vs. Heat Output

The quantity of heat input necessary to bring the cell described above to
operating temperature Is calculated below and compared with actual cell
output. These calculations are based on an ambient temperature of 259C.

Formula:

Q Wxcx&t

where:

Q Heat input (calories)

W a Weight of major materials in cell (grams)

c S Bpecific hbet of major cell materials

At " Chang in temperature frm ambient (c)
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Material Weight Specific Heat A t Heat Input
(s) (c) (calories)

Magnesium 6 .07 525 20o
Nickel 30 .10 525 1575
Electrolyte 500 .20 525 52500
Alumina Housing 20O .20 525 21000

Total a 75295 calories

Heat Input a 75,295 calories = 87.5 watt-hour$
86W calories/vatt-hour

Heat Output a 1.6 volts x 20 amp-hours = 32 watt-hours

Heat Output x 100 percent z 32 x 100 z 35.4 percent

87.5

3.6.5 Heat Loss Due to Cell Radiation

An Important factor in the design of a molten salt secondary battery is
the calculation of the heat lose of the battery due to cell radiation.
Assuming that the sink temperature, Ts is equal to 0*K, and the operating
temperature, To, is equal to 550*C or 623-K, then by means of the following
formula, the calculation may be made.

Formula:

Q ACX O(T~o To)

where:

A z outer surface area of cell in square inches

Or- 2 1.1 x 10"12 Watt/in2

a a 0.03 emissivity of silver mirror

% Z sink temperature (negligible)

To z absolute operating temperature in *K.

d a diameter (inches)
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A AO( T40

A 27rd,& 2(Td)
A * 27R(3.5) x 21T.ý

A 41 asquare inches

Q 41 x 1.1 x 1- (8.23)4 x 108

Q a 41 x 1.1 x 10-12 x 4.6 x 101"

Q 2 1t watts (radiation lose if sink temperature were
absolute zero)

The above radiation loss is within 10 percent of the loss that would
occur if the sink temperature were at 2:°C.
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4. CONCUISIORS AND RECOMMENDATIONS

The present contract has demonstrated the desirable advantages of using the

high-capacity anode and cathode materials coupled with a molten-salt electro-
lyte for the development of new secondary batteries. In order that this con-
cept be further exploited, the following recomeendations for future work are
presented. A future program should include the three following phases with
their respective objectives.

4.1 RESEARCH PHASE

A program is required which will enlarge the scope of the various anode-cathode
combinations which were investigated in this study. This will deLermine the
limiting factors in high-current applications. The development of a practical
molten-salt secondary battery is dependent upon gaining a thorough understanding
of the function of the chemical reactions taking place during charge and dis-
charge conditions.

A fundamental study should be undertaken to determine the effectiveness of a
ternary eutectic electrolyte in reducing The operating temperature of a molten-
salt secondary battery.

A research program is necessary for the development of a ceramic separator
which can replace the mobile sodium ions with mobile lithium or oxygen ions.
A lithium-ion permeable ceramic separator is most desirable because it will
permit the use of lithium as an anode thereby leading to a lighter weight
electrolyte. The lithium-ion separator will also permit rapid diffusion at a
relatively low activation level; this can lead to the development of cells
capable of operating satisfactorily at a lower temperature.

4.2 DEVEIDPWENT PHASE

A detailed characterisation is required of the various couple which can be
used with molten-salt electrolytes. This is necessary to determine the perfor-
mnce of these cells for use in secondary batteries. The available data are

ASD-21.-63-115 67



insufficient to permit -kLng recmmendaticns for its use in application studies.
A satisfactory developmental program will include the following areas at endeavor:

a. Increases in the energy-to-weight ratio of the system.

b. design of efficient power electrodes.

c. design of a minimum-weight, minimum-volume battery package
which can achieve the desired operating life requirements. 11

d. establishment of techniques to obtain and maintain the desired
operating temperature.

e. establishment of parameters such as power density, energy
efficiency, and charge retention.

4.3 SERVICE TEST

A service-test program is necessary to evaluate molten-salt secondary batteries
for selected applications. This program will Provide detailed information on
their performance in the field, and should be initiated an soon as sufficient r
data from the above development phase are available. [

i

i
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